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in many Countries of remunerating incentive pays, which aimed at mitigating the environmental burden 
of traditional electric energy production systems. Among renewable energy sources, solar energy has 
played a significant role thanks to its wide availability, good reliability and bankability. Silicon PV 
systems have achieved a large market penetration thanks to the drop of the modules’ cost and have 
reached technological maturity [1, 2]; few further performance developments are expected in this 
technology, since the additional R&D and panel cost would not be worth the additional energy production 
[3]. In addition, in those regions where the solar radiation is particularly intense, the climate is 
particularly hot which negatively affects the performance and the reliability of silicon PV panels [4]. A 
technology that has been recently introduced and that shows significant room of improvement is the 
Concentration PhotoVoltaic technology (CPV), which is considered a promising solar energy conversion 
solution on the economic [5], the technical [6, 7] and the environmental point of view. A CPV system 
involves the use of three fundamental components: the tracking mechanism, the concentration optics, and 
the triple-junction (3J) solar cell. This latter device allows to exploit a larger spectrum of the available 
solar radiation, if compared to traditional silicon cells, and therefore its solar energy conversion efficiency 
is much higher, exceeding 40% [8] under concentrated solar light. The 3J cell requires a specific substrate 
on which the cell is installed and the cost of the whole device becomes economically feasible only if the 
light flux on the photovoltaic material is highly concentrated. Conversely, the adoption of a solar 
concentration device, using lenses or reflectors, allows to exploit only a fraction of the whole available 
solar radiation, the Direct Normal Irradiation (DNI). Among the single devices that are used in a CPV 
system, in this work we focus our attention on a specific solution for the optical system that is used for the 
light concentration and homogenization on the 3J cell. In addition, the performance of two different 
solutions for the cell substrate are evaluated and the electric efficiency of the solar receiver is assessed. 
2. CPV system description 
The HCPV system tested in the Engineering Faculty of Università Politecnica delle Marche consists of 4 
groups of lenses and baseplate, each containing 8 PV cells (32 cells in total). The lens are mounted as a 
single lens parquet on a rigid aluminum chassis that constitutes the casing of the group. The aluminum 
chassis ensures flatness, stiffness and accuracy; instead, the bottom part of the group is constituted of the 
baseplate, realized in aluminum, where the 8 PV cells are mounted. The cover and the bottom part are 
connected by ten side brackets, which guarantee a greater rigidity. The sketch of the CPV prototype 
system is reported in Figure 1a. The two-axis tracking system (see Figure 1d) consists of one longitudinal 
axis and two transverse axis, all made by steel tubes. The transverse axes are grouped by means of metal 
dowels. A single motor, coupled with a worm shaft and a gear, providing a greater reduction ratio, drives 
the movement of the longitudinal axis. Also each transverse axis is driven by a single electric motor and it 
is coupled with a worm shaft and a gear. The two joints are deployed to couple the longitudinal axis and 
the two transverse axes. The electric motors, used for the axes movement, are stepper motors with high 
reduction ratio (1500:1); the high reduction ratio ensures high motion sensitivity (0.005° for step) and 
sufficient torque. The stepper motors are managed by a PLC trough an astronomic tracking algorithm that 
is able to define the position of the sun with an accuracy of a few thousandths of a degree. In contrast to 
many systems, this tracking solution is an open-loop control strategy; the motor’s position is not driven 
by a sun sensor that detects the position of the sun, but only by the astronomic tracking algorithm. The 
primary optics consists of a plastic PolyMethylMethAcrylate (PMMA) primary Fresnel lens; this lens has 
an aperture of 75x75 mm, focal length of 130 mm and a constant pitch of 0.5 mm. This prototype lens 
was made using a lathe with diamond tools, therefore its optical efficiency is poor if compared to lenses 
produced with a mould. A power meter and a pyrheliometer allowed to evaluate the concentrated radiant 
power from the Fresnel lens. By means of these instruments it was possible to assess the performance of 
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The tracking system (Figure 1d) was placed with the longitudinal axis oriented along the North-South 
direction. In this case, the longitudinal axis allows to follow the tip movement of the sun, while the 
transverse axes allows to follow the tilt of the sun. 
3. Results and discussion 
Results reported in this paper were acquired from July 2014 to September 2014. During the tests, the 
distance between the photovoltaic cell and the Fresnel lens has been varied, in order to find the optimal 
distance that maximizes the power irradiated on the cell. The distances between the cell and the Fresnel 
lens can be adjusted from a minimum of 121 mm to a maximum of 136 mm. Tests were made on days 
with similar direct solar irradiation, in order to have comparable data. The IMS receiver was tested with 
both the secondary optics. Table 2 reports the data obtained for three values of distance between the cell 
and the Fresnel lens: the minimum distance, the maximum distance and the maximum power point 
distance. From the data, it is possible to conclude that the optimal distance between Fresnel lens and PV 
cell is 128 mm. Furthermore, the “free form” secondary optics with hexagonal top surface has a 
significantly higher performance when it is located at the correct distance. Table 2 reports all the electric 
performance parameters of the cell (values of current, voltage and power); in particular, the efficiency 
refers to the ratio between the electric power produced by the cell and the radiated power on the 
secondary optics, thus neglecting the very poor efficiency of the Fresnel lens. 
Table 2 - Performance IMS cells with both secondary optics at minimum, maximum and optimal distance 
Distance 121 mm
Secondary 
optic VOC ISC VMPPT IMPPT PMPPT DNI Efficiency FF 
cylindrical 2.913 V 0.155 A 2.424 V 0.146 A 0.353 W 902 W/m2 19.16 % 78.38 % 
hexagonal 2.935 V 0.171 A 2.58 V 0.160 A 0.412 W 902 W/m2 22.61 % 82.25 % 
Distance 128 mm 
cylindrical 2.934 V 0.271 A 2.363 V 0.250 A 0.590 W 902 W/m2 32.33 % 74.30 % 
hexagonal 2.954 V 0.300 A 2.363 V 0.280 A 0.661 W 902 W/m2 36.25 % 75.93 % 
Distance 136 mm 
cylindrical 2.945 V 0.243 A 2.431 V 0.228 A 0.554 W 902 W/m2 30.33 % 77.45 % 
hexagonal 2.956 V 0.226 A 2.431 V 0.219 A 0.532 W 902 W/m2 29.13 % 79.69 % 
The hexagonal secondary optic, as shown in Table 2, grants a better performance since it allows to 
achieve a very good homogenization of the solar radiation on the photovoltaic cell and also a better 
optical efficiency. 
 These aspects are reported in Figure 2, where the power density on the cell is compared for the conical 
and the free-form secondary optics. The graphs have been obtained using a ray tracing commercial 
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software and applied to the studied optics. Figure 2a refers to the radiative output on the cell (2.3 mm 
diameter) obtained with the conical secondary optics and Figure 2b refers to the hexagonal one. It is 
possible to see that the homogeneity of irradiation is much higher for the “free-form” optics which 
explains the better electric performance and the higher fill factor of the 3J cell. 
                                                   a)                                                            b) 
Figure 2 – Distribution of the solar radiation with the cylindrical (a) and the hexagonal (b) secondary optics 
a)                                                                       b) 
 Figure 3 – efficiency vs distance (a), I-V and P-V curve with hexagonal optic at optimal distance (b) 
Figure 3a shows the trend of the efficiency obtained at the minimum, maximum and optimal distance 
between the Fresnel lens and the photovoltaic cell with the two secondary optics. In Figure 3b the I-V and 
P-V curves of the 3J cell, obtained with the free-form secondary optics, are presented for the optimal 
distance between the Fresnel lens and the cell. The “free form” optics has shown a maximum electric 
efficiency of about 36%, without considering the performance of the Fresnel lens. Tests were also 
repeated for the 3J cell with a DBC substrate and using the best performing secondary optics. Also in this 
case, the optimal distance between cell and primary optic was found to be equal to 128mm. Table 3 
reports the results obtained in this configuration, which is the best possible performance combination. 
With respect to the IMS solution, higher values of open circuit and maximum power point voltage were 
recorded. Voltage increases thanks to the better heat spreading of the DBC substrate, which allows to 
keep the cell temperature lower and, as a consequence, also to obtain better electric performance. The 
higher value of the voltage also results in greater power and efficiency: the peak power is equal to 
0.721 W and the efficiency is 39.55%, also in this case without considering the losses in the primary 
optics. Anyhow, this is a remarkable result that allows to forecast an overall electric efficiency over 
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31-32%, which corresponds to the best efficiencies recorded in literature for systems operating under real 
environmental conditions. 
Table 3 - Performance DBC cell with hexagonal secondary optic at optimal distance of 128 mm 
Secondary optic VOC ISC VMPPT IMPPT PMPPT DNI Efficiency FF 
hexagonal 3.014 V 0.315 A 2.404 V 0.300 A 0.721 W 900 W/m2 39.55 % 75.96 % 
4. Conclusions 
In this paper, the experimental results of a CPV system operating under real working conditions are 
reported. In particular, two solutions for the receiver of the 3J cells and two solutions for the secondary 
refractive optics (RTP) are presented. Data confirm that, for the same 3J solar cell, the best solution for 
the secondary optics is the hexagonal “free-form” one since it grants better optical efficiency and 
homogenization of radiation on the cell. As regards the substrates, the DBC solution shows higher 
performance thanks to the better heat spreading capacity; this entails a lower cell temperature and, 
therefore, a better electric performance. The best electric efficiency, which peaked at 39.55%, was 
obtained without considering the primary optics losses. This is a remarkable result and it allows to 
conclude that the presented system setup is able to reach the highest standards of CPV technology 
performance. 
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